Allenyl-β-lactams: Versatile scaffolds for the synthesis of heterocycles by Alcaide, Benito & Almendros, Pedro
 1 
REVIEW 
 
Allenyl-β-Lactams: Versatile Scaffolds for the Synthesis of Heterocycles 
Benito Alcaide*[a] and Pedro Almendros*
ABSTRACT: The hybrid allenic β-
lactam moiety represents an excellent 
building block for carbo- and 
heterocyclization reactions, affording a 
large number of cyclic structures 
containing different sized skeletons in a 
single step. This strategy has been 
studied under thermal and radical 
induced conditions. More recently, the 
use of transition metal catalysis has 
been introduced as an alternative 
relying on the activation of the allenic 
component. On the other hand, the 
intramolecular version has attracted 
much attention as a strategy for the 
synthesis of bi- and tricyclic 
compounds in a regio- and 
stereoselective manner. This overview 
focuses on the most recently developed 
cyclizations on 2-azetidinone-tethered 
allenes along with remarkable early 
works accounting for the mechanism, 
as well as for the regio- and 
diastereoselectivities of the cyclizations. 
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Introduction 
β-Lactams are not only the most commonly prescribed antibacterial 
agents,[1] but also exhibit some other biological activities, for which 
they are considered as enzyme inhibitors,[2] potential anticancer 
chemotherapeutics drugs,[3] and gene activation agents.[4] These 
biological activities, combined with the use of these products as 
starting materials to prepare α- and β-amino acids, alkaloids, 
heterocycles, taxoids, and other types of compounds of biological 
and medicinal interest,[5]
On the other hand, allene chemistry has attracted considerable 
attention in recent years and several reviews on their preparation and 
reactivities have been published.
 provide the motivation to explore new 
methodologies for the synthesis of substances based on the β-lactam 
core. In addition, the cyclic 2-azetidinone skeleton has been 
extensively used as a template on which to build the 
carbo(hetero)cyclic structure joined to the four-membered ring, 
using the chirality and functionalization of the β-lactam ring as a 
stereocontrolling element. 
[6] Allenes have shown an 
interesting reactivity and selectivity affording complex structures in 
a limited number of steps.[7]
Carbocyclizations 
 Upon appropriate activation, the C–C 
double bonds can be attacked by various O-, N-, or C-nucleophiles. 
In fact, the chemistry of allenes has been applied for the preparation 
of natural and non-natural products of interest. 2-Azetidinone-
tethered allenes can be regarded as hybrids of the pharmacologically 
and chemically relevant subunits of β-lactam and 1,2-diene. This 
paper embraces the gamut of carbo- and heterocyclizations on 
allene-β-lactams which make possible the preparation of a variety of 
different-sized carbocycles and heterocycles, and will focus on the 
most recent findings 
Radical cyclizations 
Instead of an alkene or an alkyne, an allene component is a 
fascinating substrate in a free radical cyclization because of its 
unique reactivity and the synthetic use of the final products.[8]
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However, regioselectivity problems are significant. The 
regiochemical possibilities of a radical cyclization using allenes are 
shown in Figure 1. 
 
A novel approach to racemic and enantiopure non-
conventional fused bi- and tricyclic β-lactams has been developed 
by using regio- and stereocontrolled intramolecular free radical 
reactions in monocyclic 2-azetidinone-tethered allenynes and 
haloallenes.
Figure 1. Possible regioisomers observed in the cyclization of allenes using free 
radicals. 
[9] Starting allenes 1 were prepared via indium-mediated 
Barbier-type allenylation reactions of the corresponding β-lactam 
aldehydes in aqueous media.[9] In an initial study, it was found that 
allenynol 1a when heated in the presence of triphenyltin hydride and 
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AIBN in benzene solution, gave the bicyclic β-lactam 2a in 64% 
yield as a single regio- and Z-isomer. Tin-promoted cyclization of 
allenynol 1b afforded the expected 2-azetidinone 2b containing a 
medium-sized ring. Allenynol anti-1c having the alkynyl side chain 
at C3 instead of N1 underwent cyclization to afford the C3–C4 
fused β-lactam 2c. Similar behavior was observed for the free 
radical cyclization of allenynone 1d, which afforded the 
heterobicyclic ketone 2d. Interestingly, only bicycles 2 were found 
as a consequence of a totally regioselective radical cyclization onto 
the central carbon (Scheme 1). Neither the endo-trig-cyclized 
product nor the exo-trig-cyclized product was detected. 
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Scheme 1. Preparation of bicyclic β-lactams through radical cyclization of allenynes. 
Reagents and conditions: i) Ph3
 
SnH (1.2 eq), AIBN (0.1 eq), benzene, reflux. 
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The extension of the above radical cyclization of 2-
azetidinone-tethered allenynes to haloaryl allenes bearing the 
proradical center at N1 was explored. The tin-promoted radical 
reaction was also useful in the conversion of β-lactam allenes 3 
having a bromo- or iodophenyl group at the nitrogen atom, into the 
corresponding bicyclic systems 4 with similar efficiency and 
selectivity (Scheme 2). Benzofused β-lactams 4 can be considered 
as superior cyclohomologous of benzocarbapenems and 
benzocarbacephems, which have been designed as suicide 
inactivators of β-lactamases. 
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Scheme 2. Preparation of benzofused β-lactams through radical cyclization of haloaryl 
allenes. Reagents and conditions: i) Ph3
It is presumed that the stannyl radical, by addition to the 
terminal position of the triple bond in allenynes 1, or through 
bromine abstraction in haloaryl allenes 3 gives the corresponding 
vinylic radical intermediates in the propagation step, followed by 
cyclization toward the central carbon atom of the allene moiety to 
give in a total regio- and stereoselective fashion fused cycles 2 and 4 
via allylic radical intermediates. For haloaryl allenes (Scheme 3), 
while both endo- and exo-cyclizations of radical intermediates 5 
would give vinylic radicals 7 and 8, respectively, central-cyclization 
would lead to the energetically more favored allylic radicals 6. 
SnH (1.2 eq), AIBN (0.1 eq), benzene, reflux. 
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Scheme 3. Plausible pathway for the formation of benzofused β-lactams through radical 
cyclization of 
Cycloaddition reactions 
haloaryl allenes. 
 
The [2+2] cycloaddition of allenes represents an important strategy 
for the preparation of cyclobutane and cyclobutene derivatives with 
high atom economy.[10] Although the thermal process is forbidden, it 
has been studied photochemically, under thermal conditions 
involving diradical intermediates, and by the use of transition metal 
catalysts. The thermal [2+2] cycloaddition of 2-azetidinone-tethered 
enallenes has been used for the synthesis of strained tricyclic β-
lactams containing a cyclobutane ring.[11]
N
O
MeO
H H
R1
OH
N
O
MeO
H H R1
OH
H
9 10 (40−58%)
R2
R2
R2
R2
i)
R1 = H, Me, Ph; R2 = H, Me
N
O
R1O
H H
OH
N
O
R1O
H H
11 12 (52−57%)
R2
OH
R1, R2 = Me, Ph
R2
i)
 It was observed that the 
regioselectivity of this cycloaddition reaction is determined by the 
presence or absence of an alkyl substituent at the internal alkene 
carbon atom. Starting substrates 9 and 11 were prepared in a similar 
manner to allenols 1. Treatment of enallenes 9 in toluene at 220 °C 
in a sealed tube afforded, in reasonable yields and complete regio- 
and diastereoselectivity, tricyclic β-lactams 10 (Scheme 4). The 
tricyclic ring structures 10 arise from the formal [2+2] cycloaddition 
of the alkene with the distal bond of the allene moiety. Interestingly, 
the regioselectivity of the process is not affected by the substitution 
at the allene group. On the other hand, it was observed that the 
presence of an internal substituent at the alkene moiety switched the 
regioselectivity. Thus, exposure of enallenes 11 to the above thermal 
conditions afforded methylenecyclobutane 2-azetidinones 12 as the 
sole products in reasonable yields (Scheme 4). 
 
Scheme 4. Preparation of tricyclic β-lactams 10 and 12 by formal [2+2] cycloaddition 
reaction of 2-azetidinone-tethered enallenes 9 and 11. Reagents and conditions: i) 
Toluene, 220 °C, sealed tube. 
Formation of fused strained tricycles 10 has been rationalized 
by a radical mechanism involving an exocyclic diradical 
intermediate 13 through initial carbon−carbon bond formation 
between the central allene and proximal alkene carbon atoms (path 
A, Scheme 5). An alternative mechanism may also be proposed 
(path B, Scheme 5). This pathway would involve and endocyclic 
diradical intermediate 14, arising from the initial attack of the 
terminal olefinic carbon onto the distal allene carbon. Both 
pathways would include a rapid ring closure of the diradical 
intermediates before bond rotation. 
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Scheme 5. Radical mechanistic proposals for the formation of strained tricycles 10. 
Analogously, formation of tricycles 12 has been rationalized 
by a mechanism which includes an exocyclic diradical intermediate 
15 through initial carbon−carbon bond formation involving the 
proximal allene and internal alkene carbon atoms (path C, Scheme 
6). An alternative pathway leading to compounds 12 has also been 
proposed in path D. This proposal would involve an endocyclic 
diradical intermediate 16, arising from the initial attack of the 
terminal olefinic carbon onto the central allene carbon. The final 
ring-closing step of the diradical intermediates would account for 
the cyclobutane formation.  
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Scheme 6. Radical mechanistic proposals for the formation of strained tricycles 12. 
It seems that the regioselectivity in this type of [2+2] 
cycloaddition reaction is determined by the presence or absence of 
an alkyl substituent at the internal alkene carbon atom, as the 
enallenes 9 that are lacking a methyl group exclusively produced 
addition at the β,γ-double bond, while the allenenes 11, which bear a 
methyl group at the internal olefinic carbon underwent a formal 
[2+2] cycloaddition reaction at the α,β-double bond. Path A 
(Scheme 5) looks valid for the formation of products 10. For this 
case, the Me group stabilizes the exocyclic diradical, and the 
presence of the double bond promotes the allylic radical 13 over the 
alternative endocyclic vinylic radical 14 in path B. However, it 
could be presumed that for the formation of compounds 12, path D 
(Scheme 6) is more reasonable. The simultaneous stabilization of 
the endocyclic diradical 16 by the presence of a methyl substituent 
and allylic stabilization makes this radical favoured over the 
exocyclic diradical 15. 
Copper-promoted domino alkyne homocoupling/double [2+2] 
bis(allenyne) cycloaddition of allenynes 17 afforded attached-ring 
 4 
bis(tricyclic) β-lactams 18 in a straightforward fashion (Scheme 
7).[12]
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Scheme 7. Preparation of attached-ring bis(tricyclic) β-lactams 18. Reagents and 
conditions: i) Cu(OAc)2, K2CO3, MeCN, RT 110o
Cyclization precursors, allenes 17, 19, and 20 were readily 
obtained beginning from the appropriate 4-oxoazetidine-2-
carbaldehyde via regio- and stereocontrolled indium-mediated 
Barbier-type carbonyl–allenylation reaction in aqueous media.
C. 
[11] In 
Reaction of enallenes or allenynes 19 and 20 in the presence of 
methanesulfonyl chloride at 190 oC provided tricyclic azetidinones 
21 and 22. These tricycles have been obtained from monocyclic 
allenols, masked functionalized dienes, via a domino allenol 
transposition/intramolecular Diels–Alder (IMDA) reaction process 
(Scheme 8).[13]
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Scheme 8. Preparation of tricyclic β-lactams 21 and 22 by tandem allenol 
transposition/IMDA reaction. Reagents and conditions: i) CH3SO2Cl, Et3N, toluene, 
sealed tube, 190 o
The mechanism of the one-pot allenol-diene transformation is 
depicted in Scheme 9.
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 The extremely high selectivity observed in 
the formation of dienes may point to a pericyclic reaction pathway. 
Accordingly, the allenol component reacts with methanesulfonyl 
chloride resulting in a methanesulfonate intermediate. Next, the in 
situ generated α-allenic methanesulfonate 23 suffers a [3,3]-
sigmatropic rearrangement, involving the six-membered cyclic 
transition structure 24, to give the corresponding mesyloxy-diene 
counterpart 25.  
 
Scheme 9. Plausible pathway for the formation of tricyclic β-lactams through 
 
tandem 
allenol transposition/IMDA reaction. 
Metal-catalyzed reactions 
The Pauson–Khand reaction is a formal [2+2+1] cycloaddition 
involving an alkene, an alkyne and carbon monoxide. Several 
studies have greatly enhaced the synthetic utility of this process 
through the use of allenes in place of alkenes.[15] The less exploited 
allenic variant of the Pauson–Khand type cycloaddition has been 
explored in 2-azetidinone-tethered allenynes 26.[16]
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patterns on allenynes 26 were selected in order to direct the 
regiochemical outcome of the cycloaddition to the six-membered 
central ring formation because the intramolecular variant of the 
Pauson–Khand reaction has been largely restricted to the 
construction of bicyclo[3.3.0]octenones and 
bicyclo[4.3.0]nonenones. However, it was found that the [2+2+1] 
cycloaddition produced tricycles 28 bearing a central seven-
membered ring as the only isomer. Cycloadducts 28 presumably 
arises from the isomerization of the initially formed adducts 27 
(Scheme 10). Conjugation of the dienone moiety with the lone pair 
of the nitrogen atom is believed to promote the formation of 
compounds 28.  
 
Scheme 10. Mechanistic proposal to explain the cobalt-promoted formation of tricyclic 
β-lactams from allenynes. Reagents and conditions: i) Co2(CO)8, Me3NO, CH2Cl2
Heterocyclizations 
, RT. 
Allene heterocyclization chemistry has led to many synthetically 
useful transformations.[6–7] In particular, the transition-metal 
catalyzed cyclization of allene derivatives bearing nucleophilic 
substituents such as hydroxy, carbonyl, carboxy, thio, and amino 
groups, has attracted considerable attention in recent years. However, 
regioselectivity problems are significant (endo-trig versus exo-dig 
versus endo-dig versus exo-trig cyclization) (Scheme 11). 
Intramolecularization of the reactions, usually by placing the group 
at such distance that five- or six-membered rings are formed, should 
solve the positional selectivity problems because normally larger 
rings are unfavored.  
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Scheme 11. Possible regioisomers observed in the heterocyclization of allenes using 
metal catalysis
Aminocyclizations 
. 
Nitrogen heterocycles comprise one of the largest families or 
organic compounds, and many pharmacologically active molecules 
contain one or more nitrogen heterocycles.[17] The construction of 
the bicyclic β-lactam carbapenem nucleus using aminoallene 
chemistry is a formidable challenge. The seminal work from 
Liebeskind’s group in 1988 on the silver- and palladium-promoted 
cyclizations of 4-allenyl-2-azetidinones 29 to ∆1-carbapenems 30 
and 31 may be considered the first report (Scheme 12).[18]
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Scheme 12. Preparation of ∆1-carbapenems by silver- and palladium-promoted 
aminoallene cyclizations. Reagents and conditions: i) 50 mol% AgBF4, CH2Cl2, RT; ii) 
100 mol% PdCl2, Et3N, H2C=CH-EWG, CH2Cl2
More recent contributions include the catalytic use of metal 
salts (gold-, platinum-, and palladium-base catalysts) for the 
aminocyclization of allene-substituted β-lactams 29 and 33 to ∆
, RT. 
1-
carbapenems 32 and ∆2-carbapenems 34 (Scheme 13).
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Scheme 13. Preparation of ∆1- and ∆2-carbapenems through metal-
catalyzed aminoallene cyclizations. Reagents and conditions: i) 5 mol % AuCl3, 
CH2Cl2, RT; ii) 5 mol % PtCl2, toluene, 40 ºC; iii) 10 mol % Pd(PPh3)4
The 1,2-functionalization of the allene moiety in 2-
azetidinone-tethered carbamate derivatives has been explored.
, PhI, MeCN, 
reflux. 
[16] 
Reaction of carbamate 35 at room temperature in acetonitrile in the 
presence of 10 mol% of Pd(OAc)2, 5 equiv of LiBr, 2 equiv of 
Cu(OAc)2 and 1.2 equiv of K2CO3
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 under an atmospheric pressure 
of oxygen, resulted in the formation of the tricyclic β-lactam 36 
(Scheme 14). Compound 36 was isolated in moderate yield as the 
only isomer, indicating that both the regio- and stereoselectivity are 
extremely high. 
 
Scheme 14. Preparation of tricyclic β-lactam 36 by palladium-catalyzed aminoallene 
cyclization. Reagents and conditions: i) Pd(OAc)2 10 mol%, LiBr, Cu(OAc) 2 , K2CO3, 
O2
The formation of compound 36 could be rationalized in terms 
of an unprecedented domino allene amidation/intramolecular Heck–
type reaction. Compound 37 must be the not isolable intermediate. 
A likely mechanism for 37 should involve a (π-allyl)palladium 
intermediate. The allene-palladium complex 38 is formed initially 
and suffers a nucleophilic attack by the bromide to produce a σ-
allylpalladium intermediate, which rapidly equilibrates to the 
corresponding (π-allyl)palladium intermediate 39. Then, an 
intramolecular amidation reaction on the (π-allyl)palladium complex 
must account for intermediate 37 formation. Compound 37 evolves 
to tricycle 36 via a Heck–type-coupling reaction. The 
alkenylpalladium intermediate 40, generated in the 7-exo-dig 
cyclization of bromoenyne 37, was trapped by the bromide anion to 
yield the fused tricycle 36 (Scheme 15). Thus, the same catalytic 
system is able to promote two different, but sequential catalytic 
cycles.  
, acetonitrile, RT. 
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Scheme 15. Plausible pathway for the formation of 
Starting substrates, 2-azetidinone-tethered allenols 41, were 
prepared according to literature protocols via indium-mediated 
tricyclic β-lactam 36 by palladium-
catalyzed cyclization. 
 6 
carbonyl-allenylation reactions of the corresponding α-oxo lactams 
under Barbier-type conditions.[22] Similarly, the palladium(II)-
catalyzed 1,2-bromoamidation of allenes 41 take place smoothly, 
obtaining the spiranic oxazolidinone-β-lactams 42 as single isomers 
(Scheme 16).
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Scheme 16. Preparation of spirocyclic β-lactams by palladium-catalyzed aminoallene 
cyclization. Reagents and conditions: i) Pd(OAc)2 10 mol%, LiBr, Cu(OAc) 2 , K2CO3, 
O2
A stereocontrolled access to a 4-hydroxypipecolic acid 
analogue with a bicyclic β-lactam structure has been developed by 
using allenic hydroamination reaction in a 2-azetidinone-tethered 
azide.
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 When it was tried to reduce azide 43 using the 
triphenylphosphine method, a complex reaction mixture was 
observed. Fortunately, it was found that 2-azetidinone-tethered 
azidoallenic acetate 44 when treated at room temperature with 
triphenyltin hydride in benzene solution, gave in a totally 
regioselective fashion the bicyclic 4-hydroxypipecolic acid analogue 
45 through a 6-exo-dig aminocyclization with concomitant acetate 
cleavage (Scheme 17).  
 
Scheme 17. Preparation of a β-lactam-based 4-hydroxypipecolic acid analogue through 
aminoallene cyclization. 
An interesting formation of highly functionalized pyrrole 
derivatives from allene-β-lactams has been accomplished.[25]
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 The 
reaction of phenyl allenes 46 with sodium methoxide at room 
temperature did not give the expected β-allenamines, affording 
instead the corresponding 1,2,3,5-tetrasubstituted pyrroles 47 
(Scheme 18). From a mechanistic point of view, the preparation of 
heteroaromatic compounds 47 could be explained through a bond 
breakage process on the four-membered lactam followed by allene 
cyclization, with concomitant aromatization. The N1–C2 bond 
cleavage of the β-lactam nucleus in 2-azetidinone-tethered allenes 
46 gave the non-isolable allenic-β-amino esters 48, which after a 
totally regioselective cyclization onto the central carbon atom of the 
neighbouring allene under the reaction conditions followed by 
aromatization of the pyrrolines 49 yielded pyrroles 47 (Scheme 19). 
The pyrrole formation must be driven by relief of the strain 
associated with the four-membered ring, on forming a more stable 
five-membered ring.  
 
Scheme 18. Direct 
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preparation of tetrafunctionalized pyrroles from β-lactams by 
aminoallene cyclization. 
 
Scheme 19. Plausible pathway for the direct formation of
The influence of the position of the allene moiety at the β-
lactam ring for the one-pot synthesis of the pyrrole nucleus, was 
investigated by stirring quaternary α-allenyl derivatives 50 in a 
mixture of MeONa in MeOH at room temperature. After workup, 
the starting materials were recovered. Only after heating at reflux 
temperature did the β-lactam α-allenic ethers 50 react to form the 
corresponding heterocycles. New pentasubstituted pyrroles 51 were 
obtained in fair yields by means of the one-pot procedure, without 
the concomitant formation of any regioisomer (Scheme 20). 
 tetrafunctionalized pyrroles 
from β-lactams by aminoallene cyclization. 
N
O
R3
R1
OMeR
2
N
R1
CO2Me
R3
R2
Me
50 51 (49−68%)
R1 = allyl, PMP; R2 = Me, Ph; R3 = Ar, furyl, dioxolanyl
MeONa, MeOH, reflux
 
Scheme 20. Direct 
Oxycyclizations 
preparation of pentafunctionalized pyrroles from β-lactams by 
aminoallene cyclization. 
Furan, tetrahydrofuran, dihydropyran, and oxepane ether rings are 
ubiquitous structural units that are extensively encountered in a 
number of biologically active natural products and functional 
molecules, and therefore, their stereocontrolled synthesis remains an 
intensive research area. Among allene derivatives, allenones are of 
particular interest since they undergo selective cycloisomerization or 
dimerization reactions to afford furans. Marshall and co-workers 
discovered the RhI- or AgI-catalyzed selective cycloisomerization of 
α-allenones to substituted furans,[26] while Hashmi and co-workers 
reported the PdII-catalyzed dimerization of terminal α-allenones to 
afford 2,4-disubstituted furans.[27] More recently, the 
cycloisomerization of α-allenones catalyzed by AuIII,[28] or by a 
palladatricyclo[4.1.0.0(2,4)]heptane catalyst have also been 
reported.[29] Thus, it appears that the only known efficient method 
for controlling the mode of reaction (cycloisomerization versus 
 7 
dimerization) of α-allenones is the case of choice of catalyst. 
However, it has been reported that by adopting PdII-catalyzed 
conditions, the cycloisomerization/dimerization ratio of α-allenones 
is controlled by the substitution of the allene compound: 
unsubstituted allenones mainly afford dimerization, whereas 
allenones bearing an internal substituent favor the formation of 
cycloisomerization products.
Because total control is observed for the dimerization and 
cycloisomerization reactions of aromatic α-allenones in the presence 
of catalytic amounts of [PdCl
[30] 
2(MeCN)2], it was decided to test the 
effect of the nature of the α-allenone on the PdII
i)
O
R3
+
52a R1 = PMP, R2 = MeO, R3 = H
53a R1 = PMP, R2 = MeO, R3 = Me
53b R1 = PMP, R2 = MeO, R3 = Ph
52b R1 = Bn, R2 = MeO, R3 = H
53c R1 = Bn, R2 = MeO, R3 = Me
53d R1 = Bn, R2 = MeO, R3 = Ph
52c R1 = PMP, R2 = PMPCOO, R3 = H
53e R1 = PMP, R2 = PMPCOO, R3 = Me
53f R1 = PMP, R2 = PMPCOO, R3 = Ph
52d R1 = Bn, R2 = PMPCOO, R3 = H
53g R1 = Bn, R2 = PMPCOO, R3 = Me
53h R1 = Bn, R2 = PMPCOO, R3 = Ph
54a R3 = H (60%)
54b R3 = Me (7%)
54c R3 = H (70%)
54d R3 = H (64%)
54e R3 = Me (32%)
54f R3 = H (72%)
55a R3 = H (16%)
55b R3 = Me (45%)
55c R3 = Ph (81%)
55d R3 = H (9%)
55e R3 = Me (65%)
55f R3 = Ph (81%)
55g R3 = Me (50%)
55h R3 = Ph (72%)
55i R3 = H (10%)
55j R3 = Me (87%)
55k R3 = Ph (58%)
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-catalyzed process. 
To study whether or not the switching of dimerization to 
cycloisomerization could be applied to aliphatic derivatives, β-
lactams 52a–d bearing an  unsubstituted α-allenone and β-lactams 
53a–h bearing a substituted α-allenone were treated under similar 
conditions. In the event, useful control was observed, because 
internally substituted α-allenones gave good or total selectivities in 
favor of cycloisomerization products 55 (Scheme 21). The role of 
the bulky β-lactam ring is noticeable for the unsubstituted α-
allenones 52, because in addition of major dimerization adducts 54 
considerable amounts of the unexpected cycloisomerization 
products are normally obtained. 
 
Scheme 21. Substrate controlled switching of dimerization to cycloisomerization in 2-
azetidinone-tethered α-allenic ketones. Reagents and conditions: i) 5 mol % 
[PdCl2(MeCN)2
The pathway proposed in Scheme 22 looks valid for the 
formation of products 54 and 55. It could be presumed that the 
initially formed allenepalladium complex 56 undergoes an 
intramolecular attack by the ketone group (oxypalladation), giving 
rise to the furan intermediate 57, which after H-migrations affords 
the aromatic palladium species 58. Palladafuran 58 may suffer a 
protonation with the in situ generated HCl to yield furans 55. 
Alternatively, intermediate 58 is trapped by other allenone molecule 
in a subsequent coupling process leading to dimers 54 via 59. The 
formation of the E isomer in alkene derivatives 54 is the 
consequence of an addition of the organometallic species to the 
allene side remote from the acyl group. It may be inferred that 
different steric effects in the organometallic species 58 may be 
responsible for the different reactivity preference, stabilizing one of 
the intermediates rather than the other. Dimerization falters in the 
presence of sterically encumbering allenones. Probably, 
dimerization via 59 is restricted by the steric hindrance of the R
], MeCN, RT. 
2 
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 = Me or Ph) when a second molecule of allenone 53 
is trying to approach to the palladafuran 58.  
 
Scheme 22. Mechanistic explanation for the substrate controlled switching of 
dimerization to cycloisomerization in α-allenic ketones. 
Despite allenes offer expeditious routes to a wide range of 
heterocycles, metal-catalyzed domino heterocyclization–
functionalization reaction of allenes are relatively unknown.[31] A 
regioselective metal-catalyzed spirocyclization of α-allenols–cross 
coupling (Heck, Sonogashira, and Suzuki) reaction sequence, 
leading to potentially bioactive spirocyclic β-lactam derivatives has 
been developed.[32] It was found that reaction of α-allenols 60 with 
methyl acrylate in the presence of Pd(OAc)2 afforded the allene 
cyclization-Heck trapping products 61a and 61b in a reasonable 
isolated yield. When (trimethylsilyl)acetylene or tolylboronic acid 
were used as the cross-coupling agent under the optimized 
conditions, the corresponding domino Sonogashira or Suzuki–
Miyaura adducts 61c and 61d were obtained (Scheme 23). Thus, the 
same catalytic system is able to promote two different, but 
sequential catalytic cycles, allowing different transformations in a 
single reaction flask.  
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Scheme 23. One-pot synthesis of enantiopure spirocyclic 2-azetidinones 61 through 
metal-catalyzed domino cyclization of α-allenols–cross coupling (Heck, Sonogashira, 
and Suzuki) reactions. 
The formation of spirolactams 61 could be rationalized in 
terms of a novel sequence domino cyclization of α-allenols–cross 
coupling reactions. A palladium(II)-catalyzed mechanism for the 
domino sequence leading to spiranic adducts 61 is proposed in 
Scheme 24. It could be presumed that the initially formed 
allenepalladium complex 62 undergoes an intramolecular attack by 
the hydroxyl group (oxypalladation), giving rise to the spirocyclic 
vinylic palladium species 63. Next, dihydrofuranylpalladium 
intermediate 63 is trapped by the cross-coupling reagents leading to 
compounds 61. For example, the palladium species 63 can then form 
the intermediate 64 in a subsequent Heck reaction with acrylate, 
which leads to the final spirocycles 61 and Pd0 in a β-hydride 
elimination. It is necessary for the catalytic cycle that Pd0 is 
reoxidized to PdII; this is achieved by the addition of Cu(OAc)2
N
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which does not interfere with the course of the reaction.  
 
Scheme 24. Rationalization for the metal-catalyzed domino allene cyclization-coupling 
sequence. 
The first examples on the reaction of an allene and a Baylis–
Hillman (BH) adduct, namely the palladium-catalyzed cyclizative 
coupling reaction of α-allenols 60 with BH acetates 65 has been 
recently disclosed.[33]
+
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•
R
 The transformation of allenols 60 into 
spirocyclic disubstituted dihydrofuran β-lactams 66 was readily 
achieved in moderate yields, by treatment with BH acetates in the 
presence of palladium(II) acetate (5 mol%) (Scheme 25).  
 
Scheme 25. Palladium-catalyzed preparation of enantiopure spiroazetidinones 66. 
Reagents and conditions: i) 5 mol % Pd(OAc)2, K2CO3, TDMPP, DMSO, RT. PMP = 
4-MeOC6H4.
The catalytic cycle proposed in Scheme 26 looks valid for the 
formation of products 66 through the heterocyclization cross-
coupling reaction of α-allenols and BH acetates. Initial 
palladium(II)-coordination to the 1,2-diene moiety of the α-allenol 
component 60 gives an allenepalladium complex 67, which suffers 
regiocontrolled intramolecular oxypalladation generating a 
dihydrofuranylpalladium intermediate 68. Species 68 then 
undergoes a cross-coupling reaction with the BH acetate 65. The 
coupling of vinyl palladium(II) intermediates 68 with protected BH 
adducts 65 leading to species 69 takes place regioselectively at the 
methylenic carbon atom of 65 remote from the acetate group. 
Finally, trans-β-deacetoxypalladation generates in a highly 
steoselective manner [(2,5-dihydrofuran-3-yl)methyl]acrylates 66 as 
single E-isomers with concomitant regeneration of the Pd
 TDMPP = tris(2,6-dimethoxyphenyl)phosphine. 
II
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R1
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O
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65
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 species. 
The formation of the E isomer in alkene derivatives 69 is the 
consequence of an addition of the organopalladium species to the 
alkene side remote from the acyl group.  
 
Scheme 26. Mechanistic explanation for the palladium-catalyzed oxycyclization/cross 
coupling reaction between α-allenols and BH acetates. 
Although many efforts have been made for transition metal-
catalyzed cyclization of functionalized allenes, cross-coupling 
reactions of two different allenes are almost unexplored.[34] A mild, 
palladium(II)-catalyzed reaction of α-allenols and α-allenic esters in 
a heterocyclization/cross-coupling sequence, that is applicable to a 
wide range of substitution patterns has been developed for the 
preparation of 2,3,4-trifunctionalized 2,5-dihydrofurans, including 
β-lactam derivatives. The heterocyclizative cross-coupling between 
2-azetidinone-tethered allenols 70 and α-allenic acetates 71 resulted 
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in the achievement of β-lactam–dihydrofuran hybrids 72 in good 
yields (Scheme 27).[35]
70 72 (54−75%)
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Scheme 27. Palladium-promoted preparation of 2-azetidinone-tethered buta-1,3-dienyl 
2,5-dihydrofurans 72. Reagents and conditions: i) 5 mol % PdCl2
A resplendent age of noble metal catalysis has bloomed in the 
last years. Particularly, gold and platinum complexes are excellent 
catalysts for the formation of C–C and C–heteroatom bonds.
, DMF, RT. 
[36] 
Recently, iron salts have emerged as powerful alternatives in view 
of their inexpensiveness and environmental friendliness.[37] The 
chemodivergent metal-catalyzed heterocyclization of alcohols 
bearing both an allene and an alkene center has been reported. 
Starting from 2-azetidinone-tethered enallenols 73, FeCl3 was able 
to chemospecifically catalyze the cyclization in favour of the alkene 
component to exclusively afford β-lactam-tetrahydrofuran hybrids 
74 in good isolated yields (Scheme 28).[38] Besides total 
chemocontrol, the reaction was regiospecific and only the five-
membered ring ether was formed, without the presence of the 
isomeric six-membered ring. By contrast, when the cyclization of 
olefinic α-allenols 73 was catalyzed by precious metal salts 
(AgNO3, [PtCl2(CH2=CH2)]2, and AuCl3
N
O
H H
OH
PMP
R
N
O
H H
PMP
O
R
N
O PMP
O R
ii)i)
74 (65−83%) 75 (65−84%)73
R = Me, Ph
H H
), allene 
cycloisomerization adducts 75 were afforded as sole isomers 
(Scheme 28).  
 
Scheme 28. Chemodivergent metal-catalyzed preparation of β-lactam- dihydrofuran-  
and tetrahydrofuran-hybrids 74 and 75. Reagents and conditions: i) 10 mol % FeCl3, 
DCE, sealed tube, 80 oC. ii) 5 mol % AuCl3, CH2Cl2
Despite that transition metal-catalyzed reactions of α-allenols 
leading to heterocyclization products have attracted a great deal of 
interest, relatively little work has been performed on intramolecular 
cyclizations of γ-allenols.
, RT. DCE = 1,2-Dichloroethane. 
[39] Combined experimental and 
computational studies on the regioselectivity control in the metal-
catalyzed O−C funtionalization of 2-azetidinone-tethered γ-allenols 
have been performed.[40] The general reactivity of 2-azetidinone-
tethered γ-allenols toward the regioselective hydroalkoxylation 
reaction was tested with substrate 76a (R1 = Bn, R2 = TBS) by the 
use of [PtCl2(CH2=CH2)]2, AgNO3, AuCl and AuCl3 as catalysts. 
[PtCl2(CH2=CH2)]2 and AgNO3 afforded rather low yield or 
disappointing diastereomeric mixture of bicycle 77a. Although 
AgNO3 was less diastereoselective than [PtCl2(CH2=CH2)]2 (60:40 
vs 100:0), it was a more efficient catalyst affording adduct 77a in 
reasonable yield. Gratifyingly, it was found that Au salts were 
effective as 5-exo selective hydroalkoxylation catalysts. AuCl3
N
O
HO
H H
OR2
R1
N
O R1
O
H H
OR25 mol % AuCl3,
CH2Cl2, RT
76 77 (50−58%)
R1 = Bn, allyl; R2 = TBS, COPMP
 was 
selected as catalyst of choice because of its superior performance, 
affording tetrahydrofuran-2-azetidinones 77 in moderate yields 
(Scheme 29). No regioisomeric products were detected, giving 
exclusively the fused five-membered oxacycle.  
 
Scheme 29. Gold-catalyzed preparation of five-membered oxacycles 77
A possible pathway for the achievement of bicyclic 
tetrahydrofurans 77 from γ-allenols 76 may initially involve the 
formation of a complex 76-AuCl
. 
3
AuCl3
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O
HO
H H
OR2
R1
76
N
O
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OR2
R1
AuCl3
76-AuCl3
5-exo
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N
O R1
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H H
OR2H
Cl3Au
78
–HCl
N
O R1
O
H H
OR2
Cl2Au
79
−AuCl3
HCl
N
O R1
O
H H
OR2
77
 through coordination of the gold 
trichloride to the proximal allenic double bond. Next, regioselective 
5-exo oxyauration forms zwitterionic species 78. Loss of HCl 
followed by protonolysis of the carbon–gold bond of 79 affords 
products 77 and regenerates the gold catalyst (Scheme 30).  
 
Scheme 30. Possible pathways for the gold-catalyzed preparation of bicycles 77. 
Having found a solution for the 5-exo selective 
hydroalkoxylation, it was next examined the more intricate 
heterocyclizative problem associated with tuning of the 
regioselectivities of γ-allenols. It should be mentioned that one of 
the challenges for modern synthesis is to create distinct types of 
complex molecules from identical starting materials based solely on 
catalyst selection. Specifically, subjection of the γ-allenol 76a to the 
lanthanide amide-catalyzed protocol did afford dihydropyran 80a 
(Scheme 31); the nucleophilic attack taking place at the central 
allene carbon via a 6-endo cyclization.[41] In addition, partial 
epimerization was observed through the isolation of epim-80a. 
Worthy of note, the PdII-catalyzed cyclizative coupling reaction of γ-
allenols 76 with allyl halides gave impressive yields (up to 94%) of 
the desired seven-membered adducts 81 (Scheme 32) as the sole 
products, resulting from a 7-endo oxycyclization.[42]
N
O
HO
H H
OTBS
Bn
Me
N
O Bn
H H
76a 80a (44%)
i) O OTBS
N
O Bn
H H
epim-80a (4%)
O OTBS
+
 Notably, the 
judicious choice of catalyst (Au, La, or Pd) allows to modulate the 
ring size (five, six, or seven) of the fused oxacycle.  
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Scheme 31. Lanthanum-promoted preparation of six-membered oxacycles 80a and 
epim-80a. Reagents and conditions: i) 5 mol % La[N(SiMe3)2]3
N
O
HO
H H
OR3
R1
R2
N
O R1
H H
O OR3
R2
Y
Br
Y
i)
76 81 (63−94%)
R1 = Bn, allyl; R2 = Me, Ph R3 = TBS, COPMP; Y = H, Me, Br
, toluene, reflux. TBS = 
t-Butyldimethylsilyl. 
 
Scheme 32. Palladium-promoted preparation of seven-membered oxacycles 81. 
Reagents and conditions: i) 5 mol % PdCl2, DMF, RT. PMP = 4-MeOC6H4
Scheme 33 comprises a mechanistic rationale for the 
La[N(SiMe
. TBS = t-
Butyldimethylsilyl. 
3)2]3-promoted conversion of methyl γ-allenol 76a into 
fused tetrahydropyran 80a. Firstly, lanthanum precatalyst formed 
the alkoxide–La compound 82 through protonolysis at the La–
[N(SiMe3)2]3 
[La]
O H
N
O Bn
O OTBS
R
HH
N
O
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H H
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Bn
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H H
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N
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H H
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N
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N
O Bn
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HN(SiMe3)2
+
82
6-exo
oxylanthanat ion
83
84
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complex
dissociat ion
80a
bond by allenol 76a. Subsequently, one π-bond of the 
oxallene–La complex regiospecifically adds across the La–O 
functionality of 82 to afford oxacyclic intermediate 83 by 6-exo 
cyclization to the central allene carbon. The intervention of a second 
molecule of allenol 76a facilitates the proton transfer step to afford 
species 85 via transition state 84, which after dissociation delivers 
oxacycle 80a and regenerates 82, thus re-initiating the catalytic 
cycle.  
 
Scheme 33. Mechanistic explanation for the La(III)-catalyzed heterocyclization reaction 
of γ-allenol 76a. 
Having demonstrated the stability of the benzoate and TBS-
protective groups to the metal-catalyzed conditions, it was decided 
to see if (methoxymethyl)oxy substitution has a beneficial impact on 
the cyclization reactions. In the event, when γ-allenols 76 were 
treated with AuCl3 the 2,5-dihydrofurans 86 were the sole products 
(Scheme 34). These transformations may involve a chemoselective 
(5-endo-trig versus 7-endo-trig) allenol oxycyclization with 
concomitant MOM ether deprotection. Taking into account the 
above results, it was decided to test if the metal-catalyzed 
preparation of bicycles 77 can be directly accomplished from MOM 
protected γ-allenol derivatives 87. Thus, when allenic MOM ethers 
87 were treated with AuCl3, the 5-exo mode was completely 
reverted to a 7-endo cyclization to afford bicycles 88 in fair yields 
(Scheme 35). It seems that the reactivity in this type of AuIII
N
O
HO
H H
OMOM
R1
R2 i)
N
O
HO
H H
R1
O
R2
76b 86 (37−53%)
R1 = Bn, CH2CO2Me; R2 = Me, Ph
-
catalyzed reactions is determined by the presence or absence of a 
methoxymethyl protecting group at the γ-allenol oxygen atom, as 
the free γ-allenols 76a gave 5-exo hydroalkoxylation, while MOM 
protected γ-allenol derivatives 87 exclusively underwent a 7-endo 
oxycyclization. Thus, it has been demonstrated that regioselectivity 
control in the metal-catalyzed O–C functionalization of γ-allenols 
can be achieved both through the choice of catalyst (Au versus La 
versus Pd) as well as through the nature of the γ-allenol (free versus 
protected). It appears to be the first time that such an effect has been 
discovered.  
 
Scheme 34. Au(III)-catalyzed heterocyclization reaction of γ-allenol derivatives 76. 
Reagents and conditions: i) 5 mol % AuCl3 , CH2Cl2, RT. MOM = MeOCH2
N
O
MOMO
H H
OP
Bn
R
N
O Bn
H H
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R
i)
87 88 (45−75%)
R = Me, Ph P = 4-MeOC6H4CO, 4-BrC6H4CO, MeCO
.  
 
Scheme 35. Au(III)-catalyzed heterocyclization reaction of MOM protected γ-allenol 
derivatives 87. Reagents and conditions: i) 5 mol % AuCl3, CH2Cl2, RT. MOM = 
MeOCH2
The pathway proposed in Scheme 36 looks valid for the 
formation of products 89 from MOM protected γ-allenol derivatives 
87. It could be presumed that the initially formed allenegold 
complex 87-AuCl
. 
3 undergoes an intramolecular attack (7-endo 
versus 5-exo oxyauration) by the (methoxymethyl)oxy group, giving 
rise no to species 89 but to the tetrahydrooxepine intermediate 90. 
Protonolysis of the carbon–gold bond linked to an elimination of 
methoxymethanol would then liberate the bicycle type 88 with 
concomitant regeneration of the AuIII species. Probably, the proton 
in the last step of the catalytic cycle comes from the trace amount of 
water present in the solvent or the catalyst. In the presence of MOM 
group, 5-exo cyclization falters. As calculations reveals, 5-exo 
oxyauration via 89 is restricted by the steric hindrance between the 
(methoxymethyl)oxy group and the substituents at the quaternary 
stereocenter.  
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Scheme 36. Mechanistic explanation for the AuIII
The metal-catalyzed cyclization of  1,2-dienes with two 
contiguous nucleophiles presents a severe limitation, especially in 
the context of  chemoselectivity. To probe the feasibility of 
heterocyclization reactions in β-lactam allenic diols by way of 
palladium catalysis, 2-azetidinone-tethered γ,δ-allendiols 91 were 
tested as substrates. Interestingly, trans-fused β-lactam oxocines 92 
were obtained in good yields in a totally chemo- and regioselective 
fashion using the PdCl
-catalyzed heterocyclization reaction 
of MOM protected γ-allenol derivatives 87. 
2-catalyzed cyclizative coupling reaction with 
allyl halides (Scheme 37), through an 8-endo-trig cyclization by 
attack of the primary hydroxy group to the terminal allene carbon. 
[43] Apparently, this is the first example of an 8-endo cyclization at 
the terminal allene carbon of a δ-allenol. Chemical evidence of the 
presence of a new eight-membered oxacycle fused to the β-lactam 
ring was obtained by oxidation of adduct 92a (R1 = 4-MeOC6H4, R2
N
O R1
OHOMeR
2 OH
N
O R1
O
OH
MeO
R2
Y
Br
Y
i)
H ii)
93 (88%)
N
O PMP
O
MeO
Me O
H
91 92 (58−73%)
R1 = 4-MeOC6H4, Bn
R2 = Me, Et, CH2OBn, Ph
Y = H, Br
 
= Me) with Dess–Martin periodinane to afford ketone 93 (Scheme 
37).  
 
Scheme 37. Preparation of oxocines 92 and oxocinone 93. Reagents and conditions: i) 5 
mol % PdCl2, DMF, RT. ii) Dess–Martin periodinane, CH2Cl2, RT, 2 h. PMP = 4-
MeOC6H4
Selenacyclizations 
. 
The heterocyclization reaction of alleneselenoureas 94 using iodine 
has been examined.[44] When unsubstituted allenes were used, the 
iodine reaction resulted in the formation of 3-selena-1-
dethiacephems 95 as the major product with traces of the five-
membered product (Scheme 38). Good yields were obtained in all 
cases, irrespective of the nature of the substituent present on the 
selenourea group. Seven-membered ring products were not detected 
under these reaction conditions. Thus, these reaction conditions 
show high regioselectivity toward six-membered rings. By contrast, 
when alleneselenoureas 94 bearing alkyl groups at the allenyl 
position were examined with iodine, it was found that 
regiochemistry in the iodocyclization reaction was affected by the 
nature of the R1
N
O
H H
i)i)
95 (61−69%) 96 (41−69%)94
R2 = Bn, Ph, 4-MeC6H4, 4-ClC6H4
•
R1TBSO
Se R2
NH
N
O
H HTBSO
Se
I
N
R2
N
O
H HTBSO
Se
I
R1
N
R2
R1 = H R1 = alkyl
 group at the allenyl position. The reaction of 
substituted alleneselenoureas 94 with 1.25 equiv of iodine afforded 
inseparable mixtures of selenazepines 96 along with their 
corresponding five-membered isodethiaselenapenams as minor 
component (Scheme 38). Thus, this iodocyclization method 
provides a novel approach for the synthesis of six- and seven-
membered selenium-containing heterocycles.  
 
Scheme 38. Preparation of selenacycles 95 and 96. Reagents and conditions: i) 1.25 
equiv I2, CH2Cl2
A plausible mechanism for the formation of 95 and 96 has 
been proposed (Scheme 39). The reaction of 94 with iodine gave 
iodonium 97 and released an iodine anion at the same time. With the 
assistance of the iodine anion, intramolecular nucleophilic attack of 
selenium in the selenourea group on the center carbon of allene 
(when R
, RT. 
1 = H) in the favored exo mode affords the corresponding 
cyclization product 95, whereas attack of selenium in the selenourea 
group on the terminal carbon of allene (when R1 = CH3, C2H5, or n-
C5H11
N
O
H H
95
97
•
R1TBSO
N
Se
N
O
H H
94
•
R1TBSO
Se R2
NH
I
R2
H
I
−HI
N
O
H H
96
•
R1TBSO
N
Se
I
R2
H
I
−HI
N
O
H H
•
R1TBSO
N
Se
II2
R2
H
6-exo
7-endo
) in the favored endo mode affords the corresponding 
cyclization product 96 accompanied by the simultaneous elimination 
of hydrogen iodide.  
 
Scheme 39. Mechanistic explanation for the iodine-promoted heterocyclization reaction 
of alleneselenoureas 94. 
The above results shown that the presence of allenyl groups at 
the N1, C3 and C4 positions of the β-lactam ring is compatible with 
the more of the approaches. The difference from the cyclization 
modes arises from the inertia encountered sometimes with the 
cyclization towards the lactam nitrogen, rather than the placement of 
the allene moiety. It may be postulated that the amide resonance 
should both decrease the mobility of the intermediates and also force 
a planarity which is not compatible with the cyclization processes. 
Rearrangements 
N-Bromosuccinimide (NBS) is a very effective reagent for the ring 
expansion reaction of 2-azetidinone-tethered allenols, resulting in 
the regio-, chemo-, and stereocontrolled preparation of pyrrolidine-
2,4-diones (tetramic acids), a structural feature found in many 
natural products, which display a wide spectrum of biological 
activities (antibacterial, antifungal, antitumoral, antiviral, insecticide, 
and receptor antagonist activity). Excellent yields and selectivities 
were achieved for the carbon–carbon bond cleavage in the 
electrophilic ring opening reaction of allenic β-lactams 98–100 to 
afford functionalized tetramic acids 101–103 (Scheme 40). 
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Scheme 40. Rearrangement reaction of 2-azetidinone-tethered allenols 98 to tetramic 
acid derivatives 91 by NBS treatment. Reagents and conditions: i) NBS (1.3 equiv), 
dichloromethane, RT. PMP = 4-MeOC6H4
The controlled conversion of bis(allene-β-lactam) 104 into 
either the tetramic acid/β-lactam hybrid 105 or the bis(tetramic acid) 
106 is also worthy of note. While substrate 
. 
104 was shown to 
undergo clean double expansion to bis(tetramic acid) 106, mono-
ring expansion yielding hybrid 105 was found to be the preferred 
pathway when employing one equivalent of NBS (Scheme 41).
N
O
PMP
O
O
HO
•
ii)
N
O
PMP
O
O
OH
•
N PMP
O
O
O
O
Br
NPMP
O
O
O
O
Br
104
106 (69%)
NPMP
O
O
O
O
Br
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N
O
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O
O
HO
•
i)
[45] 
 
Scheme 41. Controlled rearrangement reaction of bis(allenol-β-lactam) 104 to tetramic 
acid derivatives 105 and 106 by NBS treatment. Reagents and conditions: i) NBS (1.0 
equiv), dichloromethane, RT, 24 h; ii) NBS (3.0 equiv), dichloromethane, RT, 24 h. 
PMP = 4-MeOC6H4
Conclusion 
. 
In this overview we have presented the most recent advances in 
carbo- and heterocyclization reactions of allenes bearing a β-lactam 
ring, showing this methodology to be an established process to 
access a large number of cyclic structures containing different sized 
skeletons. The reactions discussed herein demonstrate the high 
synthetic potential of 2-azetidinone-tethered allenes undergoing 
cyclization under several reaction conditions with almost complete 
regioselectivity, which is controlled by the stereo-electronic nature 
of the substituents attached to the allene moiety. In addition it has 
been demonstrated that metal-catalyzed carbo- and 
heterocyclizations proceed in most of the cases with better regio- 
and stereoselectivity control, which are not accesible under thermal 
or radical conditions. It is believed that the continued and renewed 
investigation on cyclization reactions of allenic β-lactams will 
discover new patterns of reactivity, enabling new sinthetic strategies. 
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1752) and UCM-BSCH (Project GR58/08) are gratefully 
acknowledged. 
 
REFERENCES 
[1] See, for example: a) A. Ganesan, Curr. Opin. Chem. Biol. 2008, 12, 
306; b) J. Spencer, T. Walsh, Angew. Chem. 2006, 118, 1038; Ang. 
Chem. Int. Ed. 2006, 45, 1022; c) J. F. Fisher, S. O. Meroueh, S. 
Mobashery, Chem. Rev. 2005, 105, 395; d) D. Niccolai, L. Tarsi, R. J. 
Thomas, Chem. Commun. 1997, 2333; e) R. Southgate, Contemp. Org. 
Synth. 1994, 1, 417; f) R. Southgate, C. Branch, S. Coulton, E. Hunt, 
in Recent Progress in the Chemical Synthesis of Antibiotics and 
Related Microbial Products, Vol. 2 (Ed.: G. Lukacs), Springer: Berlin, 
1993, pp. 621; g) The Chemistry of β-Lactams, (Ed.: M. I. Page), 
Chapman and Hall: London, 1992A; h) Chemistry and Biology of β-
Lactam Antibiotics, Vols. 1–3 (Eds.: R. B. Morin, M. Gorman), 
Academic: New York, 1982
[2] Some of the more notable advances concern the development of 
mechanism-based serine protease inhibitors of elastase, 
cytomegalovirus protease, thrombin, prostate specific antigen, and cell 
metastasis and as inhibitors of acyl-CoA cholesterol acyl transferase. 
For a review, see: a) G. Veinberg, M. Vorona, I. Shestakova, I. 
Kanepe, E. Lukevics, Curr. Med. Chem. 2003, 10, 1741. For recent 
selected examples, see: b) J. Mulchande, R. Oliveira, M. Carrasco, L. 
Gouveia, R. C. Guedes, J. Iley, R. Moreira, J. Med. Chem. 2010, 53, 
241; c) P. C. Hogan, E. J. Corey, J. Am. Chem. Soc. 2005, 127, 15386; 
d) J. W. Clader, J. Med. Chem. 2004, 47, 1; e) L. Kvaerno, T. Ritter, 
M. Werder, H. Hauser, E. M. Carreira, Angew. Chem. 2004, 116, 
4753; Ang. Chem. Int. Ed. 2004, 43, 4653; f) D. A. Burnett, Curr. Med. 
Chem. 2004, 11, 1873. 
. 
 [3] D. Kuhn, C. Coates, K. Daniel, D. Chen, M. Bhuiyan, A. Kazi, E. 
Turos, Q. P. Dou, Front. Biosci. 2004, 9, 2605. 
[4] It has been reported that β-lactams act to modulate the expression of 
glutamate neurotransmitter transporters via gene activation. See: J. D. 
Rothstein, S. Patel, M. R. Regan, C. Haenggeli, Y. H. Huang, D. E. 
Bergles, L. Jin, M. D. Hoberg, S. Vidensky, D. S. Chung, S. V. Toan, 
L. I. Bruijn, Z.-z. Su, P. Gupta, P. B. Fisher, Nature 2005, 433, 73. 
[5] For selected reviews on 2-azetidinones acting as an important class of 
organic intermediates in organic synthesis, see: a) B. Alcaide, P. 
Almendros, C. Aragoncillo, Chem. Rev. 2007, 107, 4437; b) B. 
Alcaide, P. Almendros, Curr. Med. Chem. 2004, 11, 1921; c) A. R. A. 
S. Deshmukh, B. M. Bhawal, D. Krishnaswamy, V. V. Govande, B. A. 
Shinkre, A. Jayanthi, Curr. Med. Chem. 2004, 11, 1889; d) B. Alcaide, 
P. Almendros, Synlett 2002, 381; e) C. Palomo, J. M. Aizpurua, I. 
Ganboa, M. Oiarbide, Synlett 2001, 1813; f) B. Alcaide, P. Almendros, 
Chem. Soc. Rev. 2001, 30, 226; g) B. Alcaide, P. Almendros, Org. 
Prep. Proced. Int. 2001, 33, 315; h) I. Ojima, F. Delaloge, Chem. Soc. 
Rev. 1997, 26, 377; i) M. S. Manhas, D. R. Wagle, J. Chiang, A. K. 
Bose, Heterocycles 1988, 27, 1755. 
 13 
[6] a) The Chemistry of Allenes, Vol 1 (Ed.: S. R. Landor), Academic 
Press, London, 1982; b) Modern Allene Chemistry, Vols 1 and 2 
(Eds.: N. Krause, A. S. K. Hashmi), Wiley-VCH, Weinheim, 2004, 
and references therein; c) Cumulenes and Allenes, Science of 
Synthesis, Houben-Weyl Method of Molecular Transformation, Vol. 
44, (Ed.: N. Krause), George Tieme, Sttutgart, 2007; d) S. Yu, S. Ma, 
Chem. Commun. 2011, 47, 5384. 
[7] a) R. Zimmer, C. U. Dinesh, E. Nandanan, F. A. Khan, Chem. Rev. 
2000, 100, 3067; b) A. S. K. Hashmi, Angew. Chem. 2000, 112, 3737; 
Angew. Chem. Int. Ed. 2000, 39, 3590; c) H.-U. Reissig, W. Schade, 
G. M. O. Amombo, R. Pulz, A. Hausherr, Pure Appl. Chem. 2002, 74, 
175; d) A. Hoffmann-Röder, N. Krause, Angew. Chem. 2004, 116, 
1216; Angew. Chem. Int. Ed. 2004, 43, 1196; e) S. Ma, Chem. Rev. 
2005, 105, 2829; f) S. Ma, in Topics in Organometallic Chemistry, ed. 
J. Tsuji, Springer-Verlag, Heidelberg, 2005, pp. 183; g) M. Brasholz, 
H.-U. Reissig, R. Zimmer, Acc. Chem. Res. 2009, 42, 45; h) B. 
Alcaide, P. Almendros, T. Martínez del Campo, E. Soriano, J. Marco-
Contelles, Top. Curr. Chem. 2011, 302, 183; i) N. Krause, C. Winter, 
Chem. Rev. 2011, 111, 1994. 
[8] a) S. Ma, Z. Ma, Synlett 2006, 1263 ; b) L. Shen, R. P. Hsung, Org. 
Lett. 2005, 7, 775; c) G. A. Molander, E. P. Cormier, J. Org. Chem. 
2005, 70, 2622; d) A. Hölemann, H.-U. Reissig, Chem. Eur. J. 2004, 
10, 5493; e) R. Nouguier, S. Gastaldi, D. Stien, M. Bertrand, F. Villar, 
O. Andrey, P. Renaud, Tetrahedron: Asymmetry 2003, 14, 3005; f) S.-
K. Kang, Y.-H. Ha, D.-H. Kim, Y. Lim, J. Jung, Chem. Commun. 
2001, 1306; g) M. Depature, J. Grimaldi, J. Hatem, Eur. J. Org. Chem. 
2001, 941; h) F. Villar, O. Andrey, P. Renaud, Tetrahedron Lett. 1999, 
40, 3375; i) F. E. Gueddari, J. R. Grimaldi, J. M. Hatem, Tetrahedron 
Lett. 1995, 36, 6685; j) D. A. Pasto, G. L'Hermine, J. Org. Chem. 
1990, 55, 685; k) M. Apparu, J. K. Crandall, J. Org. Chem. 1984, 49, 
2125. 
[9] a) B. Alcaide, P. Almendros, C. Aragoncillo, Org. Lett. 2003, 5, 3795; 
b) B. Alcaide, P. Almendros, C. Aragoncillo, M. C. Redondo, J. Org. 
Chem. 2007, 72, 1604. 
[10] B. Alcaide, P. Almendros, C. Aragoncillo, Chem. Soc. Rev. 2010, 39, 
783. 
[11] B. Alcaide, P. Almendros, C. Aragoncillo, M. C. Redondo, M. R. 
Torres, Chem. Eur. J. 2006, 12, 1539. 
[12] Alcaide, P. Almendros, C. Aragoncillo, Chem. Eur. J. 2009, 15, 9987. 
[13] a) B. Alcaide, P. Almendros, C. Aragoncillo, M. C. Redondo, Eur. J. 
Org. Chem. 2005, 98; b) B. Alcaide, P. Almendros, C. Aragoncillo, M. 
C. Redondo, Chem. Commun. 2002, 1472. 
[14] A gold-catalyzed access to 1,3-butadien-2-ol esters from allenols was 
reported with posteriority: A. K. Buzas, F. M. Istrate, F. Gagosz, Org. 
Lett. 2007, 9, 985.  
[15] For a review, see: B. Alcaide, P. Almendros, Eur. J. Org. Chem. 2004, 
3377.  
[16] Alcaide, P. Almendros, C. Aragoncillo, Chem. Eur. J. 2002, 8, 1719.  
[17] Asymmetric Synthesis of Nitrogen Heterocycles, (Ed.: J. Royer), 
Wiley-VCH, Weinheim, 2009. 
[18] a) J. S. Prasad, L. S. Liebeskind, Tetrahedron Lett. 1988, 29, 4253; b) 
J. S. Prasad, L. S. Liebeskind, Tetrahedron Lett. 1988, 29, 4257.  
[19] P. H. Lee, H. Kim, K. Lee, M. Kim, K. Noh, H. Kim, D. Seomoon, 
Angew. Chem. Int. Ed. 2005, 44, 1840.  
[20] B. Jiang, H. Tian, Tetrahedron Lett. 2007, 48, 7942.  
[21] W. F. J. Karstens, F. P. J. T. Rutjes, H. Hiemstra, Tetrahedron Lett. 
1997, 38, 6275. 
[22] Alcaide, P. Almendros, T. Martínez del Campo, R. Rodríguez-Acebes, 
Adv. Synth. Catal. 2007, 349, 749.  
[23] For pioneering Pd/Cu-promoted cyclization of allenyl carbamates, see: 
C. Jonasson, A. Horváth, J.-E. Bäckvall, J. Am. Chem. Soc. 2000, 122, 
9600. 
[24] B. Alcaide, P. Almendros, A. Luna, T. Martínez del Campo, J. Org. 
Chem. 2008, 73, 1635.  
[25] a) B. Alcaide, P. Almendros, M. C. Redondo, Chem. Commun. 2006, 
2616; b) B. Alcaide, P. Almendros, R. Carrascosa, M. C. Redondo 
Chem. Eur. J. 2008, 14, 637. 
[26] a) J. A. Marshall, E. M. Wallace, J. Org. Chem. 1995, 60, 796; b) J. A. 
Marshall, G. S. Bartley, J. Org. Chem. 1994, 59, 7169; c) J. A. 
Marshall, E. D. Robinson, J. Org. Chem. 1990, 55, 345. 
[27] a) A. S. K. Hashmi, L. Schwarz, M. Bolte, Eur. J. Org. Chem. 2004, 
1923; b) Organic Synthesis Highlights V, A. S. K. Hashmi, Wiley-
VCH, Weinheim, 2003,  pp 56–67; c) A. S. K. Hashmi, L. Schwarz, J. 
W. Bats, J. Prakt. Chem. 2000, 342, 40; d) A. S. K. Hashmi, J.-H. 
Choi, J. W. Bats, J. Prakt. Chem. 1999, 341, 342; e) A. S. K. Hashmi, 
T. L. Ruppert, T. Knöfel, J. W. Bats, J. Org. Chem. 1997, 62, 7295; f) 
A. S. K. Hashmi, Angew. Chem. 1995, 107, 1749; Angew. Chem. Int. 
Ed. Engl. 1995, 34, 1581. 
[28] a) C.-Y. Zhou, P. W. H. Chan, C.-M. Che, Org. Lett. 2006, 8, 325; b) 
A. S. K. Hashmi, L. Schwarz, J. H. Choi, T. M. Frost, Angew. Chem. 
2000, 112, 2382; 
[29] A. S. K. Hashmi, L. Schwarz, Chem. Ber.-Recl. 1997, 130, 1449.  
Angew. Chem. Int. Ed. 2000, 39, 2285. 
[30] B. Alcaide, P. Almendros, T. Martínez del Campo, Eur. J. Org. Chem. 
2007, 2844. 
[31] a) B. M. Trost, A. B. Pinkerton, D. Kremzow, J. Am. Chem. Soc. 2000, 
122, 12007; b) G. Liu, X. Lu, Tetrahedron Lett. 2003, 44, 127; c) S. 
Ma, Z. Yu, Chem. Eur. J. 2004, 10, 2078; d) S. Ma, Z. Gu, Y. Deng, 
Chem. Commun. 2006, 94; e) Z. Lu, G. Chai, S. Ma, Angew. Chem. 
2008, 120, 6134; Angew. Chem. Int. Ed. 2008, 47, 6045; f) W. Shu, G. 
Jia, S. Ma, Angew. Chem. 2009, 121, 2826; 
[32] B. Alcaide, P. Almendros, R. Rodríguez-Acebes, Chem. Eur. J. 2005, 
11, 5708. 
Angew. Chem. Int. Ed. 
2009, 48, 2788.  
[33] Alcaide, P. Almendros, T. Martínez del Campo, M. T. Quirós, Chem. 
Eur. J. 2009, 15, 3344.  
[34] a) Y. Deng, J. Li, S. Ma, Chem. Eur. J. 2008, 14, 4263; b) Z. Gu, X. 
Wang, W. Shu, S. Ma, J. Am. Chem. Soc. 2007, 129, 10948; c) S. Ma, 
Z. Gu, J. Am. Chem. Soc. 2005, 127, 6182; d) S. Ma, Z. Gu, Z. Yu, J. 
Org. Chem. 2005, 70, 6291; e) S. Ma, Z. Yu, Chem. Eur. J. 2004, 10, 
2078; f) S. Ma, Z. Yu, Angew. Chem. 2002, 114, 1853; 
[35] a) B. Alcaide, P. Almendros, T. Martínez del Campo, Angew. Chem. 
2006, 118, 4613; Angew. Chem. Int. Ed. 2006, 45, 4501; b) B. Alcaide, 
P. Almendros, T. Martínez del Campo, R. Carrascosa, Chem. Asian J. 
2008, 3, 1140; c) B. Alcaide, P. Almendros, T. Martínez del Campo, 
Chem. Eur. J. 2010, 16, 5836. 
Angew. Chem. 
Int. Ed. 2002, 41, 1775. 
[36] For selected reviews on gold catalysis, see: a) A. Corma, A. Leyva-
Pérez, M. J. Sabater, Chem. Rev. 2011, 111, 1657; b) N. Krause, C. 
Winter, Chem. Rev. 2011, 111, 1994; c) B. Alcaide, P. Almendros, J. 
M. Alonso, Org. Biomol. Chem. 2011, 9, 4405; d) A. S. K. Hashmi, 
Angew. Chem. 2010, 122, 5360; Angew. Chem. Int. Ed. 2010, 49, 
5232; e) P. Belmont, E. Parker, Eur. J. Org. Chem. 2009, 6075; f) 
(Eds.: B. Lipshutz, Y. Yamamoto), Chem. Rev. 2008, 108, issue 8; g) 
(Eds.: G. J. Hutchings, M. Brust, H. Schmidbaur), Chem. Soc. Rev. 
2008, 37, issue 9; h) N. Bongers, N. Krause, Angew. Chem. Int. Ed. 
2008, 47, 2178; i) G. J. Hutchings, Chem. Commun. 2008, 1148; f) J. 
Muzart, Tetrahedron 2008, 64, 5815; j) A. S. K. Hashmi, Chem. Rev. 
2007, 107, 3180; k) A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. 
 14 
2006, 118, 8064; Angew. Chem. Int. Ed. 2006, 45, 7896; l) L. Zhang, J. 
Sun, S. A. Kozmin, Adv. Synth. Catal. 2006, 348, 2271. For reviews 
on platinum catalysis, see: m) C. Liu, C. F. Bender, X. Han, R. A. 
Widenhoefer
[37] For selected reviews, see: a) A. Correa, O. García-Mancheño, C. Bolm, 
Chem. Soc. Rev. 2008, 37, 1108; b) D. D. Díaz, P. O. Miranda, J. I. 
Padrón, V. S. Martin, Curr. Org. Chem. 2006, 10, 457; c) C. Bolm, J. 
Legros, J. Le Paih, L. Zani, Chem. Rev. 2004, 104, 6217.  
, Chem. Commun. 2007, 3607; n) A. Fürstner, P. W. 
Davies, Angew. Chem. 2007, 119, 3478; Angew. Chem. Int. Ed. 2007, 
46, 3410.  
 [38] B. Alcaide, P. Almendros, T. Martínez del Campo, Chem. Eur. J. 
2008, 14, 7756.  
[39] For Au-catalyzed cyclizations of γ-allenols, see: a) Z. Zhang, R. A. 
Widenhoefer, Angew. Chem. 2007, 119, 287; Angew. Chem. Int. Ed. 
2007, 46, 283. For Au- and Pt-mediated oxycyclization of γ-allenols, 
see: b) Z. Zhang, C. Liu, R. E. Kinder, X. Han, H. Qian, R. A. 
Widenhoefer, J. Am. Chem. Soc. 2006, 128, 9066; c) B. Alcaide, P. 
Almendros, T. Martínez del Campo, E. Soriano, J. L. Marco-Contelles, 
Chem. Eur. J. 2009, 15, 9127. For Ag- and Sn-catalyzed cyclizations 
of γ-allenols, see: d) J. L. Arbour, H. S. Rzepa, A. J. P. White, K. K. 
Hii 
[40] a) B. Alcaide, P. Almendros, T. Martínez del Campo, Angew. Chem. 
Int. Ed. 2007, 46, 6684; Angew. Chem. 2007, 119, 6804; b) B. Alcaide, 
P. Almendros, T. Martínez del Campo, E. Soriano, J. L. Marco-
Contelles, Chem. Eur. J. 2009, 15, 1901; c) B. Alcaide, P. Almendros, 
T. Martínez del Campo, E. Soriano, J. L. Marco-Contelles, Chem. Eur. 
J. 2009, 15, 1909. 
Chem. Commun. 2009, 7125.  
[41] For lanthanide-catalyzed hydroalkoxylations of allenols, see: X. Yu, S. 
Seo, T. J. Marks, 
[42] These are the first examples for the Pd-catalyzed cyclizative coupling 
reaction of γ-allenols with allyl halides. For its pioneered used in α-
allenols, see: S. Ma, W. Gao, J. Org. Chem. 2002, 67, 6104.  
J. Am. Chem. Soc. 2007, 129, 7244.  
[43] B. Alcaide, P. Almendros, T. Martínez del Campo, R. Carrascosa, 
Chem. Eur. J. 2009, 15, 2496.  
[44] D. R. Garud, M. Koketsu, Org. Lett. 2008, 10, 3319.  
[45] a) B. Alcaide, P. Almendros, A. Luna, M. R. Torres, Adv. Synth. Catal. 
2010, 352, 621; b) Alcaide, B.; Almendros, P.; Luna, A.; Cembellín, 
S.; Arnó, M.; Domingo, L. R. Chem. Eur. J. 2011, 17, DOI: 
10.1002/chem.201101160.  
 
 15 
Benito Alcaide,* Pedro Almendros* 
Allenyl-β-Lactams: Versatile 
Scaffolds for the Synthesis of 
Heterocycles 
 
N
O R1
FG
( )n
HX
•
N
O
R3O
H H
OH R2
CH3
N N
O O
R3 R3
HO OH
R2 R2
N
O
R3H HTBSO
R4
N
O R1
HN
H H
OH
R2
N
R1
CO2Me
R3
R2
Me
O
R3
N
O
R1
R2
O
R3 N
OR1
R2
N
O R1
O
H H
OR3
N
O
H HTBSO
Se
I
N
R3
R2
 
The hybrid allenic β-lactam moiety 
represents an excellent building block 
for carbo- and heterocyclization 
reactions, affording a large number of 
cyclic structures containing different 
sized skeletons in a single step. This 
strategy has been studied under 
thermal and radical induced conditions. 
More recently, the use of transition 
metal catalysis has been introduced as 
an alternative relying on the activation 
of the allenic component. On the other 
hand, the intramolecular version has 
attracted much attention as a strategy 
for the synthesis of bi- and tricyclic 
compounds in a regio- and 
stereoselective manner. 
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